Truncated hemoglobins (trHbs) 1 have recently been discovered in a phylogenetically diverse group of organisms that includes several pathogenic bacteria (Mycobacterium tuberculosis, Corynebacterium diptherae, Bordatella pertussis, Staphylococcus aureus), unicellular photosynthetic organisms (Chlamydomonas eugametos, Nostoc commune, Synechocystis), and a cyanobacterium capable of nitrogen fixation (N. commune) (1) (2) (3) (4) . The first high resolution structures have been published for the trHbs from Paramecium caudatum and C. eugametos, and several have been characterized biophysically (5) . The biophysical attributes of this family show tremendous variance in association and dissociation rate constants for oxygen binding.
Traditional mammalian myoglobins (Mbs) and hemoglobins (Hbs) are pentacoordinate in the ferrous, deoxygenated state and exhibit simple bimolecular ligand binding behavior. Ligand binding to pentacoordinate hemoglobins has been studied for decades and is regulated by heme iron reactivity and the steric and electrostatic configuration of the distal heme pocket (6) . More recently, a new mechanism for regulating ligand binding has been observed in a growing number of heme proteins. These proteins are hexacoordinate in the absence of exogenous ligands and regulate ligand association and dissociation through displaceable intramolecular coordination of an amino acid side chain to the ligand binding site of the heme iron (7) . This mechanism is utilized by the nonsymbiotic plant hemoglobins (nsHbs) in which the distal histidine rapidly and reversibly binds at the ligand binding site (8) . Other forms of intramolecular heme iron hexacoordination have also been demonstrated; examples include the oxygen sensor from Escherichia coli (9) and the transcriptional regulator CooA (10) .
The degree to which the trHbs use displaceable coordination as a mechanism to regulate ligand binding remains unclear. The structure of the hemoglobin from C. eugametos was determined in the cyanide-bound form and does not provide direct information about hexacoordination (5) . However, spectroscopic and site-directed mutagenesis studies indicate that this protein is capable of hexacoordination in both the ferrous and ferric forms, with ligand binding in the ferrous form limited by the conversion of the heme iron from a 6-to a 5-coordinate state (1) . The two cyanobacterial trHbs differ with respect to coordination characteristics. The protein from N. commune (glbN) is pentacoordinate in the ferrous deoxygenated state, whereas the protein from Synechocystis (SynHb) displays absorption spectra indicating it is hexacoordinate in both the deoxygenated ferrous and ferric states (1, 11) .
The crystal structures of the trHbs from P. caudatum and C. eugametos reveal a novel structure that may help to explain the behavior of these proteins. The fold of each protein is an unprecedented "2 over 2" helix packing motif, which may be common to this family of hemoglobins. A by-product of this fold is a tunnel through the protein matrix that may provide a direct pathway between solvent and the heme pocket (5) . The small size of the trHbs coupled with a direct pathway for ligand binding suggests that they should react very rapidly with small diatomic ligands. However, the reported rate constants for ligand binding to SynHb are very small in comparison to the trHb from N. commune (1, 4) . The behavioral discrepancy between these two proteins is surprising given their phylogenetic relatedness, but can be rationalized by considering the effects of intramolecular hexacoordination in SynHb. Discrepancies may also result from the techniques used to measure the rate constants, as it has been demonstrated that flash photolysis and rapid mixing are not necessarily equivalent methods for evaluating hexacoordinate hemoglobins (12) .
The objectives of the work presented here were to determine the effects of hexacoordination on ligand binding in SynHb, identify amino acids associated with hexacoordination, and investigate ligand binding to SynHb using both rapid mixing and flash photolysis. We have used site-directed mutagenesis in combination with absorption spectroscopy, stopped flow rapid mixing, and laser flash photolysis to demonstrate that SynHb contains an extremely reactive ligand binding site that uses hexacoordination to regulate ligand binding.
EXPERIMENTAL PROCEDURES
Protein Production-The cDNA for wild type SynHb was amplified by polymerase chain reaction from chromosomal DNA extracted from Synechocystis PCC 6803. This cDNA was inserted into pET 29a (Novagen), and the resulting plasmid was used for the production of recombinant protein and generation of all mutant protein sequences. Site directed mutagenesis was performed using Stratagene's QuickChange site-directed mutagenesis kit. Proteins were expressed in BL21DE3 cells as described previously (12) . All of the proteins investigated here expressed at levels similar to the wild type protein, and were purified without exogenous ligands or the addition of free heme. Absorbance spectra were recorded using either a Hewlett Packard diode array or a Varian Cary 50 Bio UV-visible spectrophotometer.
Kinetic Analyses-Stopped flow and laser flash photolysis experiments were conducted using methods generally described by Olson (13) and Quillin et al. (14) . Stopped flow measurements were performed at 20°C using a Durrum stopped flow apparatus interfaced with a computer by On-Line Instrument Systems. For CO binding measurements, 100 mM potassium phosphate (pH 7) was bubbled to saturation with CO and N 2 in separate gas tight syringes. 200 M sodium dithionite was added as a reductant to both syringes, and different concentrations of CO were generated by mixing the appropriate volumes of CO and N 2 saturated buffers in another syringe. One syringe of the stopped flow reactor contained protein diluted into the N 2 equilibrated buffer, and the other contained CO buffer at the concentration of interest.
Laser flash photolysis of CO samples was conducted using a YAG laser apparatus as described by Hargrove (8) . A liquid dye laser was used for flash photolysis experiments with oxygenated samples. The dye laser is a Candela model LDFL-8 using rhodamine 575 dye (Exciton) dissolved in methanol at a concentration of 30 M. The flash lamp was pulsed at 19 kV, and the 1-cm beam diameter was focused to about 5 mm (large enough to cover the probe beam diameter). Measurement of transient absorbance following laser flash was conducted using the light collecting apparatus described above for the YAG laser (8) .
Oxygen dissociation was measured by rapid mixing of oxygenated protein samples with buffer containing 200 M sodium dithionite and 1 mM CO. Rate constants obtained under these conditions were concentration-independent for both sodium dithionite (between 50 and 500 M), and CO (between 0.1 and 1 mM). Control reactions with soybean leghemoglobin (Lba) and sperm whale Mb under these conditions resulted in oxygen dissociation rate constants consistent with published values (Table II) .
Curve fitting and time course simulation (Fig. 2) were accomplished using the program Igor Pro (Wavemetrics). The simulated time course in Fig. 2 (12) .
(Eq. 1)
The simulated curve in Fig. 2 was calculated using k obs from Equation 1 and ⌬Abs ϭ Ϫe (Ϫkobs*t) .
RESULTS

CO Binding and Hexacoordination in Wild Type
SynHbMethods for measuring rate constants associated with ligand binding and hexacoordination have been developed using the nsHb from rice (rHb1) (8) . The following mechanism describes the rate constants associated with these reactions.
In Reaction 1, k H and k ϪH are the rate constants for association and dissociation of the hexacoordinating side chain, and kЈ L and k L are the bimolecular ligand binding and dissociation rate constants, respectively. Under pseudo-first order conditions with the ligand in excess, ligand binding is independent of protein concentration. Flash photolysis under these conditions yields two ligand concentration-dependent rate constants for rebinding when kЈ L , k H, and k ϪH , are of similar order, and k L is slow with respect to the other rates (8) . The linear dependence of these two observed rate constants (␥ 1 and ␥ 2 ) provides k H , k ϪH , and kЈ L according to the following equations.
(Eq. 2) CO , k ϪH , and k H , respectively. A third rapid phase with a smaller amplitude is required for complete fitting of the rebinding time courses. This third phase is independent of ligand concentration and of the order expected for geminate recombination from "C" states (k CO(gem) ) (16) .
The first report of CO binding to SynHb used rapid mixing to initiate the reaction and demonstrated a complex relationship between [CO] and the observed rate constant (1). Fig. 2 shows a comparison of a time course for CO binding to SynHb following rapid mixing, and a calculated time course based solely on kЈ CO , k ϪH , k H , and Equation 1. This comparison demonstrates that ligand binding following flash photolysis differs from ligand binding initiated by rapid mixing. This difference has been analyzed quantitatively using rHb1 and appears to be a common phenomenon in hexacoordinate hemoglobins (12) .
Effects of His 46(E10) Mutation on CO Association KineticsAbsorbance and resonance Raman spectroscopy have identified His
46(E10) as a residue that coordinates the distal side of the heme iron in the deoxy ferrous state (1), and this assessment was recently confirmed by NMR (11) . The superscript 46(E10) identifies His 46(E10) as the 46th amino acid in the primary sequence of SynHb, with helix position homology to the traditional mammalian hemoglobin E10 residue (5) . Removal of the His 46 side chain results in a protein that is predominantly pentacoordinate, with a small population of protein exhibiting hexacoordinate character (1) .
To evaluate the kinetic behavior arising from substitution of His 46 with a residue incapable of hexacoordination, time courses for CO recombination to H46A SynHb following flash photolysis were measured as a function of [CO] (Fig. 3) . Each of these time courses consist of two rebinding events. The faster of these two events is described by a single exponential decay that shows linear dependence on [CO] . The second phase of rebinding is slower, independent of [CO], and heterogeneous. The observed rate constants for the faster phase are plotted as a function of [CO] in Fig. 3B . The slope of this plot (140 M Ϫ1 s Ϫ1 ) is attributed to kЈ CO , as this is the only [CO]-dependent phase and the y intercept is near zero.
The H46A mutation has interesting effects on ligand binding initiated by rapid mixing. Fig. 4 illustrates the ligand binding behavior of the H46A mutant and the wild type protein as well as the other mutant proteins to be discussed subsequently. For wild type SynHb, the time course for CO binding following rapid mixing is heterogeneous and comprises at least three phases (12) . The faster of these phases has been reported previously and is dependent on [CO] (1). Time courses for CO binding to H46A SynHb following rapid mixing are biphasic, with only the faster rate dependent on [CO] . The most striking effect of the H46A substitution is the drastic increase in amplitude of the slower phase of ligand binding. More than 85% of total binding occurs on time scales greater than 10 s, with a [CO] independent rate constant of ϳ0.01 s Ϫ1 . The rate constant of the slowest phase of binding to the wild type protein is also ϳ0.01 s Ϫ1 , although it accounts for only 10% of the total amplitude of binding (12) .
The faster, ligand-dependent phase of CO binding to the H46A protein (observed in Fig. 4A as a change in absorbance between 0.001 and 0.01 s) is significantly faster than that of wild type SynHb, as demonstrated in Fig. 4B . As reported previously, this rate constant for wild type SynHb limits at a value of ϳ30 s Ϫ1 (1). In contrast, the rate constants observed for the [CO] dependent reaction with the H46A protein are linear over the concentration range accessible to stopped flow mixing, with a bimolecular rate constant of 9 M Ϫ1 s Ϫ1 (Fig. 4C) .
Effects of Mutation of Gln 43(E7) on CO Association-The distal His
E7 plays a fundamental role in regulating ligand binding in many hemoglobins (17) . In SynHb, the amino acid with helix position homology to position E7 is Gln 43 . A Gln at this position is also found in Ascaris Hb, elephant Mb, and several other bacterial and yeast hemoglobins (18, 19) . It has been proposed that Gln 43 in SynHb could be a factor in the low oxygen dissociation rate constant observed for this protein (1) . Fig. 5A shows time courses for CO rebinding to the Q43A mutant of SynHb. These time courses are similar to those of the H46A protein in that each can be described by two phases of rebinding; the fast phase is [CO] dependent and monoexponential, whereas the slower phase is heterogeneous and independ- ␥ 2 ) . B, CO rebinding to Lba at the same CO concentrations as A serves as a control, demonstrating single exponential rebinding. C, the [CO] dependence of the sum of the two fitted rate constants from A. The slope of this line is kЈ CO , and the y intercept is k ϪH ϩ k H . D, the product of ␥ 1 and ␥ 2 plotted against [CO] has a slope of k ϪH kЈ CO and a y intercept near zero. Dividing the slope from C into the slope from D results in a value for k ϪH ; this value is used with the y intercept from C to determine k H . ent of [CO] . Fig. 5B is a plot of the rate constants associated with the [CO]-dependent phase versus [CO] . These data are linear and described by a bimolecular rate constant for CO binding (kЈ CO ) of 440 M Ϫ1 s Ϫ1 . To determine if deoxy ferrous Q43A protein is hexacoordinate like wild type SynHb, visible absorbance spectra of the deoxy ferrous forms of each protein are overlaid in Fig. 5C .
A comparative time course for CO binding to the Q43A protein initiated by rapid mixing is shown in Fig. 4A along (Fig. 4B) . The slower phase of CO binding to Q43A protein is similar in amplitude to the corresponding phase of wild type SynHb, and the rate constants for this binding event are nearly the same for all proteins analyzed here.
Sources of Hexacoordination-The His residue at position E10 is the principle source of hexacoordination in SynHb. In the nonsymbiotic plant hemoglobins, a His at E7 reversibly coordinates the heme iron (7). With a report that the H46A protein retains some residual hexacoordination (1), the possibility of the Gln 43 side chain serving as an additional source of coordination was investigated. Fig. 6A shows derivative absorbance spectra of wild type SynHb, the H46A mutant protein, and a double mutant protein in which both His 46 and Gln
43
were replaced with Leu (H46L/Q43L). The presence of a hexacoordinating ligand usually results in the heme iron electrons residing in the low spin state and can be detected in the visible absorbance region as a sharp minimum at 555 nm and a sharp maximum at 560 nm in the derivative spectrum. Fig.  5C shows that the absorbance spectra of the Q43A and wild type proteins are nearly identical; Fig. 6A demonstrates that this spectrum represents a large degree of hexacoordination. The amplitude of the 555-and 560-nm absorbance peaks in the spectrum of the H46A protein are greatly reduced, but slight minimum and maximum are still present at these wavelengths. The double mutant protein H46L/Q43L reduces the amplitude of these peaks even further, suggesting that hexacoordinate character has been reduced. A set of control experiments is shown in Fig. 6B . A derivative spectrum of deoxy ferrous rHb1 exhibits peaks associated with hexacoordination that are very similar to those of wild type SynHb. The dotted line in Fig. 6B is the derivative absorbance spectrum of a mutant rHb1 protein in which Gln replaces His 73 . This spectrum, like that of H46A SynHb, shows residual low spin character with a similar shape. The pentacoordinate rHb1 mutant H73L (8, 20) has a spectrum closely resembling that of the SynHb double mutant H46L/Q43L, suggesting the SynHb double mutant is pentacoordinate as well. Fig. 6C is a magnified overlay of the SynHb H46A and rHb1 H73Q spectra, facilitating detailed comparison of the similarity.
CO Association with H46L/Q43L SynHb- Fig. 6 suggests that the H46L/Q43L protein has less hexacoordinate character than either wild type SynHb or the H46A mutant protein. Fig.  3A demonstrates that, following flash photolysis, the H46A protein binds CO in a concentration dependent manner requiring only one exponential term to fit the concentration-dependent phase of rebinding. However, the rebinding time course includes a slower, heterogeneous phase that is independent of [CO] . If this slow heterogeneous phase is associated with residual hexacoordination, H46L/Q43L protein should display less of this kinetic behavior, exhibiting single exponential rebinding similar to that of leghemoglobin shown in Fig. 1A . Fig. 7 shows time courses for CO rebinding to the H46L/ Q43L protein following flash photolysis. Surprisingly, the time courses are multiphasic and include absorbance changes in the direction opposite to that associated with completion of the reaction. Controls without CO showed no change in absorbance, indicating that the time courses in Fig. 7 monitor a CO reaction initiated by flash photolysis. Data are shown for rebinding at CO concentrations of 100 and 1000 M. Each time course contains at least three phases of rebinding. The first phase is independent of [CO] and possibly associated with geminate recombination as the absorbance change is in the expected direction. The second phase is a large absorbance change in the direction opposite of that expected for CO rebinding. The rate constant for this phase (and the third) are slightly dependent on [CO] . The direction and amplitude of the absorbance change associated with the third phase returns the system to the pre-flash level.
Despite the complexity of CO rebinding after flash photolysis of the H46L/Q43L protein, results for CO binding following stopped flow mixing support the hypothesis of reduced hexacoordinate character in this protein. Fig. 4A shows the time course for CO binding to the H46L/Q43L protein in comparison to those of wild type SynHb and H46A protein. Results for H46L/Q43L are similar to those of H46A, with both demonstrating an initial fast phase of binding that is linearly dependent on [CO] (Fig. 4C) . However, the amplitude associated with this phase in H46L/Q43L protein is much larger than in the single mutant H46A protein. Under the hypothesis that this phase of bimolecular binding is associated with decreased hexacoordinate character, these results agree with Fig. 6 , which also indicates decreased hexacoordinate character in this protein.
Oxygen Binding to SynHb-In accordance with predictions by Couture et al. (2) for Chlamydomonas hemoglobin, it proved difficult to observe bimolecular oxygen binding to SynHb using flash photolysis. This difficulty most likely arises from rapid geminate rebinding following the flash, which results in minimal absorbance change associated with the bimolecular reaction. Our efforts to measure oxygen binding to wild type SynHb following flash photolysis are shown in Fig. 8 . (Table I) . By using a long-pulse liquid dye laser (1-s pulse instead of the 9-ns pulse of the YAG laser), slightly larger absorbance changes were observed for oxygen binding to SynHb (Fig. 8B) . The longer pulse allows a larger fraction of O 2 molecules to diffuse away from the heme iron and increases the chance of escape from the protein matrix to solvent. The rate constant observed for this reaction is identical to that obtained using the YAG laser.
Absorbance changes associated with flash photolysis-induced oxygen rebinding for the H46A and Q43A mutant proteins were extremely small, and rate constants were not assigned to these hemoglobins. Curiously, the oxy Q43L complex is readily photodissociated (Fig. 8C) . The bimolecular rate constant for this mutant protein is 20 M Ϫ1 s Ϫ1 , considerably slower than both the O 2 and CO bimolecular rate constants observed for wild type SynHb.
Oxygen dissociation rate constants for H46A, Q43A, Y22L, and wild type SynHb are presented in Table I and Tyr 22 replacements increased oxygen dissociation ϳ100-fold compared with the wild type and H46A SynHb. Surprisingly, the H46A mutation produced only a marginal decrease in the rate constant for O 2 dissociation. These results suggest that SynHb uses hydrogen bonding from both positions E7 and B10 in stabilizing bound O 2 , a combination that is also observed in the hemoglobin from Ascaris (18).
DISCUSSION
Although high resolution structures of hexacoordinate and trHbs have recently been solved and several hypotheses regarding function have been proposed, the physiological role(s) of these proteins remain undetermined (2, 5, 7) . In view of this, structural and biophysical characterization remain important tools not only for understanding these proteins at the molecular level, but also for determining their possible physiological functions. The biophysical analysis reported here indicates that SynHb possesses characteristics unusual to both of these protein families.
Hexacoordination in SynHb-The behavior of wild type SynHb following flash photolysis is similar to rHb1 in several ways, and the methods developed for characterizing rHb1 provided rate constants for CO association and intramolecular hexacoordination by His 46 in SynHb. However, the values for the rate constants describing ligand binding and hexacoordination in the two proteins are markedly different. The affinity for the His 46 side chain is ϳ20 times larger than that of the hexacoordinating His in rHb1 due to a lower value of k ϪH (930 versus 1, 900 in rHb1) and higher value of k H (4,200 versus 520 in rHb1; Table II) .
Data presented with the intent of investigating hexacoordination using mutagenesis were equivocal. Contrary to our expectation, H46A protein did not behave as a pentacoordinate hemoglobin. Based on the deoxy absorbance spectrum of the Q43A mutant protein, it was anticipated that hexacoordination would greatly influence CO rebinding time courses for this hemoglobin. Paradoxically, the time courses in Fig. 5 appear more monophasic than those of the H46A protein. One interpretation of these results is that k H must be much slower than bimolecular CO binding in the H46A and Q43A mutant proteins. If this was the case, the majority of the reaction would be associated with CO binding, and hexacoordination would result in only minor perturbations in time courses following photolysis (8) . Given this condition, our results indicate that both His 46 and Gln 43 are necessary for rapid formation of a hexacoordinate complex. However, as shown in Fig. 5C , hexacoordination in the Q43A protein is similar to wild type SynHb at equilibrium. Therefore, k ϪH must also be relatively slow in the absence of Gln 43 . This suggests that the role of Gln 43 may be to increase both k H and k ϪH , thereby ensuring rapid equilibration of the hexacoordinate hemoglobin with exogenous ligands. This interpretation is supported by Fig. 4B , which shows that the rate of ligand binding to Q43A SynHb following rapid mixing is markedly reduced in comparison to the wild type protein.
It is likely that a complex relationship exists among the residues in the distal heme pocket of SynHb, where Gln 43 , His 46 , and perhaps other amino acid side chains maintain hexacoordination. Although it has been demonstrated that His 46 is the predominant source of hexacoordination, residual low spin character was observed in the deoxy ferrous H46A mutant protein (1) . Spectral data reported here imply that, at least in the absence of His 46 , the Gln 43 side chain might be capable of distal ligation. Therefore, additional sources of intramolecular hexacoordination must be considered.
Hexacoordination by amino acids other than His has been observed in the algal hemoglobin from C. eugametos where, with the assistance of Lys E10 , Tyr B10 acts as a distal hexacoordinating residue (2, 21) . Furthermore, Lys E10 is capable of coordinating the heme iron upon substitution of Leu for Tyr B10 . These results are not too surprising as the propensity for hexacoordination by various amino acid side chains containing lone pairs of electrons has been observed in several heme proteins, including coordination by the mobile N-terminal proline side chain observed in the CO sensor, CooA (10). Other plausible alternative candidates for intramolecular distal hexacoordination in SynHb are Lys 42 , Gln 43 , and Lys 48 . The pentacoordinate character of the double mutant H46L/ Q43L implies that a third residue is probably not involved in distal hexacoordination at equilibrium. However, transient absorbance changes associated with CO binding to this protein are very peculiar when the reaction is initiated by flash photolysis (Fig. 7) . One possible explanation for these results is that the double mutation causes a highly unstable heme pocket. Under these conditions, the presence of several nonnative potential coordinating residues offers the possibility of transient heterogeneous hexacoordination. A similar situation could contribute to the slow absorbance changes associated with rebinding to the H46A and Q43A mutant proteins shown in Figs. 3 and 5 , respectively. Ligand Binding in SynHb-Aside from the effects of intramolecular hexacoordination and other ligand binding phenomena associated with hexacoordinate hemoglobins, SynHb is unusual in its reactions with oxygen and carbon monoxide. The rate constants for oxygen and carbon monoxide association most closely resemble those of glbN, the hemoglobin from the cyanobacterium N. commune (Table II) (4) . Both proteins have unusually large values for these rate constants when compared with other hemoglobins such as myoglobin, human hemoglobin, leghemoglobin, and the nonsymbiotic hemoglobin from rice (Table II) . The major difference between the two cyanobacterial hemoglobins lies in their oxygen dissociation rate constants. The low value observed for SynHb is similar to other trHbs, whereas oxygen dissociation from glbN is rapid and on the order of mammalian myoglobins and hemoglobins.
There are several ways to interpret the large association rate constants for CO and O 2 binding to SynHb. These values could result from an unusually reactive heme iron, a heme pocket that traps the ligand to increase the chances of bond formation rather than escape, a particularly porous protein matrix, or a combination of these factors. Soybean leghemoglobin is considered to be very porous because of the rapid diffusion of ligands into the heme pocket; this property is exemplified by the 30-fold larger value for CO entry compared with sperm whale Mb and the subunits of human hemoglobin (Table II) . Since the maximum rate constant for diffusion of O 2 and CO through a protein cannot exceed the limit for diffusion through solvent, which is ϳ1,000 M Ϫ1 s Ϫ1 for these ligands, the value reported in Table  II indicates that Lba offers only a slight diffusional barrier to ligand binding.
Bimolecular rate constants cannot exceed the rate constant for entry through the protein matrix. Since kЈ CO for SynHb is larger than k entry,CO for myoglobin and human hemoglobin, it is likely that the heme pocket of this protein is highly accessible to solvent (at least for several milliseconds following flash photolysis). The crystal structures of the trHbs from P. caudatum and C. eugametos indicate that these proteins have direct "tunnels" between the heme pocket and solvent (5) . It is possible that this pathway is also present in SynHb and facilitates ligand entry.
The data presented in Table II suggest either high heme reactivity in SynHb, or a heme pocket that slows ligand escape. In mammalian myoglobins and plant leghemoglobins, the rate of reaction with CO is limited by a quantum mechanical barrier to ligand binding and not by the rate of diffusion into the heme pocket (22) . Therefore, the rate constants for ligand "entry" into the binding site are always greater than bimolecular rate constants for CO binding. These data are presented for several proteins in Table II . As described above, k entry,CO for SynHb is probably similar to that of Lba. However, kЈ CO of SynHb is more than 5-fold larger than Lba, indicating that each CO molecule has a greater chance of bond formation upon entry into the heme pocket in SynHb than in Lba. This could be explained by a greater likelihood of reaction once the ligand is inside the protein matrix due either to a greater barrier to escape or a faster geminate reaction. This interpretation is supported by the low effective quantum yield for oxygen photo dissociation and the geminate CO rebinding observed in the wild type and Y22L proteins. Most hemoglobins display very little CO geminate recombination at room temperature because CO is more likely to diffuse out of the protein following photolysis than rebind the heme iron in a geminate manner. The fact that geminate recombination is observed for CO binding to SynHb implies that the ligand is either trapped following photolysis or has an increased likelihood of reacting with the heme iron on any given contact (22) . The same scenario explains the difficulty in photo dissociating oxygen. O 2 is inherently more reactive with the heme iron than CO and rebinds extremely rapidly. This decreases the probability of escape and effectively prevents observation of the bimolecular reaction following flash photolysis. The fact that the longer dye laser pulse increased the absorbance change associated with bimolecular oxygen binding reinforces this interpretation because the longer pulse length (ϳ1,000 ns for the dye laser instead of ϳ9 ns with the YAG laser) prevents bond formation for a longer period of time, providing the ligand a greater chance to diffuse out of the protein.
There is a much larger quantum yield for photo dissociation of the oxy Q43L mutant protein than for wild type SynHb or any of the other proteins investigated. Similar effects of mutagenesis have been observed for geminate recombination in myoglobin mutant proteins in which bulky amino acid side chains are used to block ligand diffusion from the heme pocket. Following photo dissociation, diffusion of the free ligand is impeded and the fraction of geminate rebinding is increased (23) . The Leu side chain at position 43 in Q43L SynHb probably prevents ligand rebinding following photolysis and increases the probability of escape to solvent. The potential of Leu 43 to block ligand binding is also suggested by the lower bimolecular rate constant for oxygen binding to Q43L SynHb when compared with the wild type protein.
Using sequence homology to known structures, it was speculated that one or more residues in the distal pocket participate in hydrogen bonding with heme-bound oxygen, thereby stabilizing the oxy form of the protein (1) . Although mutation of His 46 did not have any significant impact on the dissociation rate constant for oxygen, individual mutations of Tyr 22 (B10) and Gln 43 (E7) caused dramatic increases in this value. These results predict a role for both Tyr 22 and Gln 43 (but not His 46 ) in stabilizing bound oxygen. This is unusual compared with rHb1, where the hexacoordinating His side chain is also responsible for stabilizing bound oxygen (20) .
Physiological Significance-A physiological function has not yet been attributed to SynHb, but investigations of other trHbs provide some insight into possible physiological roles. The cyanobacterium N. commune is capable of nitrogen fixation, and it has been suggested that glbN might play a role similar to that of leghemoglobin in leguminous plants. Leghemoglobins transport oxygen and maintain micro-aerobic conditions to prevent inhibition of the nitrogenase complex (4, 24) . Although the oxygen dissociation rate constants of SynHb and other trHbs are too low for involvement in facilitated diffusion of oxygen (25, 26) , the possibility of alternative means of transport prevents ruling out this potential physiological function.
It has been suggested that the trHb from Mycobacterium tuberculosis might protect this organism from attack by reactive nitrogen species (27) . This function and that of nitric oxide-driven deoxygenation have been ascribed to other hemoglobins with high affinities for oxygen (28) . However, since the chemistry involved in the destruction of nitric oxide by oxygen (and vice versa) is facilitated by most hemoglobins, it is difficult to assign this reaction as a physiological function with certainty based on current biophysical data (29, 30) .
The fact that SynHb is hexacoordinate does not aid in identification of a physiological function, as hexacoordinate hemoglobins are found in many different organisms with no obvious common function. It has been shown that they can serve as oxygen sensors in E. coli (9) , but functions of hexacoordinate heme proteins in other organisms remain under investigation (31) . The biochemical significance of hexacoordination is still not understood, but could range from a role in protein stabilization to a novel biochemical reaction. Future biophysical investigations of geminate recombination, and physiological studies of the conditions linked to SynHb expression should provide insight into the structure and function of this protein and contribute to a greater understanding of truncated and hexacoordinate hemoglobins from many other species.
